This work evaluates the effect of production well pumping requirements on power generation. The amount of work that can be extracted from a geothermal fluid and the rate at which this work is converted to power increase as the reservoir temperature increases. Artificial lifting is an important issue in this process. The results presented are based on a configuration comprising one production well and one injection well, representing an enhanced geothermal system. The effects of the hydraulic conductivity of the geothermal reservoir, the flow rate, and the size of the production casing are considered in the study. Besides submersible pumps, the possibility of using lineshaft pumps is also discussed.
Introduction
Geothermal energy is a clean source of electricity, and geothermal power generation is becoming a growing market as the limit of petroleum resources and greenhouse gas pollution become international issues. As the world's largest producer of geothermal electricity, the United States generates an average of 15 billion kilowatt hours of power per year, comparable to burning about 25 million barrels of oil or 6 million short tons of coal per year. New geothermal power projects are being pursued in numerous western states, including Alaska, Arizona, California, Hawaii, Idaho, Nevada, New Mexico, Oregon, and Utah (Renewable Energy Access 2005).
Enhanced geothermal system (EGS) performance is controlled by the properties of reservoirs, injection and production wells, and by operational parameters. The costs of geothermal production and injection wells and piping systems are major contributors in the overall cost of generating electrical power from geothermal energy. When a geothermal well cannot sustain natural self-discharge at desired wellhead conditions (pressure and flow rate), downhole pumps are used to minimize the number of production wells required. The setting depth of the pump (and the energy it consumes) is affected by the produced fluid temperature, the size of the production casing, the reservoir supply capability, and the surface (conversion system) flow and pressure requirements.
The study presented herein evaluates the depth of the setting pump depth and the power requirements for a single production well, assuming that the well is producing from an EGS resource. The fluid flow rate from the well, well casing size, and the reservoir pressure are variables. The values used for these parameters are based on prior experience and knowledge. And the study is based on the following assumptions:
The objective system includes an injection well and a production well; both wells have the same depth; and the flow between the wells in the reservoir is linear Only one fluid phase is in the system, i.e., fluid pressure sat P at any temperature ( sat P is the saturation pressure), heat flux is constant in the production well
The surface pressure of injection well is the saturation pressure of water at the surface temperature.
Related Parameters

Fluid Flow Rate
Based on the assumption that the energy conversion system uses a binary power cycle, a relationship (Equation 1) is developed for the brine effectiveness (be) of the power plant (power output per unit mass of fluid) using work reported by Pritchett (1998) and ongoing cycle analysis activities at the Idaho National Laboratory (INL). The amount of power that can be generated from a given fluid flow rate depends on the temperature of the produced geothermal fluid: 
We can calculate the required flow rate in cubic meters per second by using the desired plant output and the brine effectiveness ( According to Figure 1 , fluid flow rate determines the amount of gross power generated by the plant for a given fluid temperature. The net power generated is deducted by pump consumption for artificial lifting, which is related to well size and pump types.
Well Size
Well size refers to the diameter of the production casing. Three well sizes are considered: 6 in. (152 mm), 9 in. (229 mm), and 12 in. (305 mm). These are typical for geothermal applications. The analysis examines the impact of the well size on the power required to deliver fluid to the power plant.
Downhole Pumps
Downhole pumps for geothermal applications are of two kinds: submersible pumps and lineshaft pumps. As shown by the work of Pritchett (1998) However, there are some limitations for lineshaft pumps. The maximum depth limit known in a geothermal application is about 426 m (1400 ft), and the maximum flow rate limit is about 0.1262 m 3 /s (2000 gpm). Therefore, submersible pumps are the only choice when lineshaft pumps cannot be used.
Reservoir Pressure
A temperature gradient of T 0.05 C/m is selected as being typical of hydrothermal reservoirs. This temperature gradient can be used to determine the temperature at a given depth, or it can be used to determine the depth required for a specific temperature. The reservoir depth, H, is determined as
where T = reservoir temperature at depth H, and 0 T = surface temperature.
The hydrostatic pressure at the bottom of the injection well is
From Fruier's equation, we have
Substituting Equation (7) into Equation ( 
Bottomhole Pressure of the Production Wells
Examples of the bottomhole pressure of the production well at different temperatures and hydraulic conductivity are plotted in Figure 2 . Hydraulic conductivity, r kh , determines the efficiency at which the reservoir fluid can be transmitted to the production well. Bottomhole pressure, wf P , of the production well increases as r kh increases. It is reasonable to require that r kh be at least large enough to maintain 1 sat wf P P to keep fluid pressure above bubble point. In this study, we assume that the fluid supply is infinite, and the pressure of the reservoir is maintained constant at the bottom of the injection well. The bottomhole pressure of the production well can then be calculated by the Darcy's equation for linear, steady state incompressible flow:
where kh r = hydraulic conductivity L = distance between injection and production wells W = reservoir width.
Power Loss in the Production Wellbore
Power loss in the production wellbore is the power necessary to overcome three kinds of forces: hydrostatic force, friction force, and production wellhead pressure. The total pump head is the sum of the hydrostatic force or the true vertical distance from the producing fluid level to the surface, the friction loss in the production string, and wellhead discharge requirements to supply pressurized fluids to the power plant. Power loss caused by hydrostatic force can be calculated by
We assume that the volumetric flow rate, q, from the reservoir into the wellbore is a constant. Over the range of flow rate considered, the flow in production casing is usually turbulent pipe flow, which means that the dimensionless Reynolds number 2100 / Re A qd N .
According to Fanning's equation (Beggs 1991) , the pressure gradient due to friction is 
For lineshaft pump, the Reynolds number is
The friction pressure gradient is: Table 1 lists the related fluid properties at a series of temperatures from 150 to 250 C. The surface pressure of the production well is confined as 1 sat P at fluid temperature. Two basic cases were calculated. One assumes that the gross power generated from the power plant is constant. The other was to keep the flow rate as a constant and evaluate the well performance at different temperatures and well sizes. The required flow rate at 200 C for the specific power output was selected for the calculation. 
Results and Discussion
One set of calculated results for 5-MWe gross power production is presented as the basic case in the following section. Results for gross power production of 2.5, 7.5 and 10 MWe are included in Appendix A. Cases for constant gross power generation, constant flow rate, submersible pump, and lineshaft pump are analyzed.
Constant Gross Power Generation (Submersible Pump)
As shown in Figure 3 , when the plant gross power production, G, is a constant, the required fluid supply (flow rate) is a function of fluid temperature. The net power production is related to not only fluid temperature, but also to the operational power consumption, which is related to reservoir hydraulic conductivity. The power consumed by hydrostatic force and friction force along the wellbore depend on well size and pump type. One can calculate whether the well size and pump type are feasible in a specific system. Then, the overall cost of drilling and operating geothermal wells and the cost of the output power can be estimated. Figure 3. The effect of well size and hydraulic conductivity on power production.
Results calculated for gross power production of 5 MWe are plotted in Figure 3 . For the same size well, higher hydraulic conductivity, kh r requires lower power consumption [Figure 3(a) ]. It is especially obvious when fluid temperature is 200 C or lower. As the temperature increases, the effect of kh r decreases. When kh r is a constant [Figure 3(b) ], the 6-in. well consumes the most power, at about 157 C, and the net power generation is close to zero, which means that all the power generated is consumed [igure 3(b) ]. With the small-flow diameter, the flow rate required to maintain the constant power output at the lower temperature range is sufficiently high that the power consumed by the pumps in overcoming the production casing friction losses can exceed the power produced by the surface plant. Therefore, for low-temperature resources, either large-diameter wells are required, or the power output (flow rate) per well is restricted. In the high-temperature range (T 200 C), the differences in power consumption are very small for all the wells, regardless of diameter. The amount of fluid required is substantially lower at
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Power (KW) the elevated temperatures, which reduces the friction losses in the wells. It is worth noting that power consumed and generated are nearly identical at the high-temperature range, for both 9-and 12-in. wells.
As the fluid temperature increases, much less energy is consumed, and the effect of well size decreases. The 9-and 12-in. wells have very close outcomes, especially when fluid temperature is 150 C and above. Generally, net power generation (or gross power consumption) is not very sensitive to well size or temperature change when the reservoir temperature is higher than 200 C.
Cases for gross power 2.5, 7.5, and 10 MWe are shown in Figures A-1 through A-3 (Appendix A). As the gross power generation increases, the required fluid temperature is higher to keep a positive net power generation. The effect of well size becomes more severe. The 6-in. well may not be an option in many cases, since the power consumed by the lifting operation is more than, or very close to, the gross power generation. However, there is one interesting feature of 2.5-MWe power production (Figures 4 and A1). At kh r = 100 Darcy.m and fluid temperature of 225 C and above, the bottomhole pressure is high enough to overcome friction force and gravity force to lift the fluid to the well head at the required flow rate for both 9-and 12-in. wells. Self-lifting also appears for power production of 5.0 MWe. All the selflifting cases are listed in Table 2 , based on the calculation. The hydrostatic head is higher than the well depth, and the pump setting depth goes negative. Therefore, pumps are not necessary; the net power output is the designed power output (2.5 MWe). Self-lifting does not happen within the 6-in. well because of the higher friction force along the well bore. Since the hydrostatic pressure, gh P h , is the same for all the different sizes of wells, the only difference caused by well size is the friction force, which is related to well size and flow rate [Equation (12)]. The hydrostatic head and pump setting depth for different kh r and well size are plotted in Figure 5 , where the pump setting depth is the difference between the well depth and hydrostatic head. Higher kh r results in a higher hydrostatic head and, therefore, smaller pump setting depth. When kh r is constant, the hydrostatic head for the 9-and 12-in. wells are almost identical, and that of 6-in. well a little lower. Since hydrostatic force is not affected by well size, friction force is the only factor to affect change. As indicated in Equation (12), the friction pressure gradient increases as flow rate increases (fluid temperature decreases) and flow diameter decreases. Figure 6 (a) shows that larger wells have smaller friction pressure gradients. The flow diameter is larger below the pump; the friction pressure gradient is smaller below the pump. Another interesting feature is that for all the wells, there is a minimum overall pump pressure loss at about 200 C [Figure 6(b) ]. This is caused by the balance between hydrostatic pressure loss and friction pressure loss. The power plant is the most efficient at about this point.
Figures A-4 through A-9 show the results for designed gross power plants of 2.5, 7.5, and 10 MWe, which reflect the features of 5-MWe gross power. As the designed power increases, the effect of kh r increases on pump setting depth and pump pressure loss, especially in the low fluid temperature range. The hydrostatic head decreases as the designed power increases. Comparing Figures A-4(b) , A-6(b), and A-8(b), the difference between the 9-and 12-in. wells is very small, but the 6-in. well is affected more severely. Figure 7 shows the pump setting depth for all four different designed power produced from a 9-in. well at a defined kh r . The pump setting depth increases swiftly as fluid temperature decreases, especially for higher designed power. The hydrostatic pressure loss for all the cases is the same. The pressure loss caused by friction increases as temperature decreases when fluid temperature is less than 200 C. The pressure loss by friction is not very sensitive in the high temperature range. 
Constant Flow Rate (Submersible Pump)
If the fluid flow rate is a constant for different temperature cases, according to 
Constant Gross Power Generation (Lineshaft Pump)
Usually, the maximum flow rate and submerge depth for a lineshaft pump are considered 0.1262 m 3 /s and 426 m, respectively. And only one pump can be used in the wellbore. Because of these limitations, lineshaft pumps can be used only in certain conditions. Of the example cases listed in Table 1 , results calculated for those cases in which a lineshaft pump can be used are listed in Tables 3  through 5 . In those cases in which the lineshaft pump cannot be used, either the required pump setting depth is over the limitation, or a single pump is inadequate to lift the liquid column. Results indicate that a lineshaft pump can be used in most cases in the high-temperature range for a 2.5-MWe power plant (Table 3) . For a 5-MWe power plant, a lineshaft pump can be used only for high hydraulic conductivity for 9-and 12-in. wells (Table 4) . For a 7.5-MWe power plant, a lineshaft pump can be used in only a very few cases (Table 5 ). For a 10-MWe power plant, no lineshaft pump can be used in any of the cases, because the required flow rate exceeds the limitations. 
Constant Flow Rate (Lineshaft Pump)
Similar to the constant flow rate cases for submersible pumps, the required flow rate at 200 C for a specific power plant is selected for the calculation of lineshaft pump use. Considering the limitations of a lineshaft pump, the results are listed in Tables 6 and 7 . For a 2.5-MWe power plant, a lineshaft pump can be used in most cases (Table 6 ). For a 5-MWe power plant, a lineshaft pump can be used in all cases for 9-and 12-in.wells when kh r = 100 Darcy.m, and can be used in some cases when kh r = 50 Darcy.m (Table  7) . For a 7.5-MWe power plant, a lineshaft pump can be used only for a 12-in. well when kh r = 100 Darcy.m. And a lineshaft pump cannot be used for a 10-MWe power plant at all because of the required high flow rate. 
Conclusions and Summary
Geothermal power projects usually have high capital investment for exploration, drilling wells, and installation of plant but low operating costs. To meet the low cost expectation, geothermal well design is critical. As shown in this report, performance of the wells is determined by the hydrothermal reservoir properties and well size. Higher hydraulic conductivity results in lower artificial lifting power consumption. A reservoir with a higher temperature can produce more power, but from drilling to operation and maintenance it costs more because of deeper depths that may be encountered to reach those higher temperatures. Small wells can save drilling cost, but the performance may not be economical in some cases. Therefore, efficient and cost-effective well design will consider various factors, including reservoir properties and well dimensions.
The following factors need to be taken into consideration in future work: injection well performance, heat loss, pump performance limitations, temperature restrictions, and operation and maintenance cost. Since the solubility of certain dissolved solids is affected by fluid temperature, the surface operation temperature will be restricted in order to avoid scale problems. Power plant efficiency will be affected by this restriction. 
